The aim of this study was to determine the distribution of Neuropeptide-Y (NPY) immunoreactive neurons and fibres in the brain and pituitary of Odontesthes bonariensis by immunohistochemical methods. A wide distribution of immunoreactive NPY (ir-NPY) cells and fibres in the forebrain and midbrain was observed. A prominent ir-NPY nucleus was found in the ventral telencephalon and other ir-NPY cells groups were recognized at the dorso-medial telencephalon. The diencephalon showed ir-NPY cells in the Nucleus entopeduncularis, the Nucleus preopticus periventricularis and in the Nucleus lateralis tuberis. Ir-NPY fibres were conspicuous in the preoptic region and the hypothalamus. There were also numerous ir-NPY fibres at the epithalamic level running ventrally to the hypothalamus and the pituitary stalk. At the rhomboencephalic level, the ir-NPY neurons were observed in the Locus coeruleus. Double-labelled immunostaining showed a close association between ir-NPY fibres that reach the adenohypophysis and growth hormone (GH)-and gonadotropin (GtH)-expressing cells. Although our results exhibit some relevant differences when compared to other fish groups, they support the existence of a conserved NPY system in teleosts.
Introduction
Neuropeptide-Y (NPY), a 36-amino-acid peptide with a characteristic carboxyterminal tyrosine amide group, was first isolated and characterized from porcine brain extracts (Tatemoto, 1982; Tatemoto et al., 1982) . It belongs to a family of structurally related peptides that includes pancreatic polypeptide (PP), first isolated from pancreatic tissue, the peptide YY (PYY), found in the gastrointestinal tract and the fish pancreatic peptide Y (PY) (Tatemoto and Mutt, 1978; Cerda´-Reverter et al., 2000) . NPY shows remarkable sequence homology from fishes to mammals, and it is widely distributed in the central nervous system and extra cerebral locations in all the vertebrate groups studied (Larhammar, 1996; Hoyle, 1999) . This suggests that NPY could be an important substance not only in the regulation of brain functions, but also in different physiological processes.
NPY is involved in the regulation of different physiological events such as neuroendocrine regulation of the pituitary gland, blood pressure, anxiety, pain, depression, sympathetic nervous tone and energy balance regulation. In lower vertebrates, especially in fish, NPY has been related to the stimulation of food intake (Silverstein et al., 1998; Lopez Patin˜o et al., 1999) and the regulation of gonadotropin (GtH) and growth hormone (GH) release (Peng et al., 1990; Breton et al., 1991; Kah et al., 1993; Chiba et al., 1996) . In the rainbow trout (Oncorhynchus mykiss), intraperitoneal or intracerebral-ventricular injections of NPY have stimulatory effects and potentiate the response to gonadotropin-releasing hormone analogues (GnRHa) . Furthermore, in the hypothalamic and basal forebrain regions, NPY fibres are associated closely with the cell bodies and fibres of GnRH neurons (Chiba et al., 1996) . Based on these results, the synergistic effect of NPY over GnRH-stimulated gonadotropin release has been thought as an interaction between NPY and GnRH fibres at hypothalamic level (Chiba et al., 1996) . However, the observation of NPY fibres in contact with gonadotropic cells in goldfish (Pontet et al., 1989) , and the gonadotropin release following in vitro perfusion experiments (Kah et al., 1989 ) also suggest a direct effect of NPY over GtH-expressing cells.
In the brain, the distribution of NPY immunoreactive neurons has been reported in a number of fish species, for example, Carassius auratus (Pontet et al., 1989) , Oncorhynchus mykiss (Danger et al., 1991) , Xiphophorus maculatus (Magliulo-Cepriano et al., 1993) , Acipenser transmontanus (Chiba and Honma, 1994) , and Plecoglossus altivelis (Chiba et al., 1996) . In situ hybridization (ISH) studies have also shown the distribution of NPY gene expression in goldfish (Vecino et al., 1994) . However, specific differences in the cerebral NPY distribution have been described in related fish species (Marchetti et al., 2000) . Receptors for NPY have been classified into at least five major subtypes in mammals and some of them have been recently characterized in fish (Cerda´-Reverter et al., 1999) .
The pejerrey, Odontesthes bonariensis, is a large atherinid fish from the inland waters of Argentina, which has been introduced into many countries as a game fish (Stru¨ssmann, 1989) . It is also considered a promising species for intensive aquaculture, even though its growth and survival rates under culture are still unsatisfactory.
Recently, a direct innervation over adenohypophysis cells of the pejerrey by gonadotropin-releasing hormone (GnRH) fibres from hypothalamic areas has been demonstrated , and a precise mapping study of GnRH immunoreactive structures in this species has recently been done (Stefano et al., 2000) . The aim of this study was to analyse the distribution of immunoreactive NPY (ir-NPY) in the adult brain and pituitary of O. bonariensis.
Materials and Methods

Animals and tissue processing
Sexually mature specimens of the pejerrey, O. bonariensis, were collected from Laguna de Chascomu´s and Laguna Salada Grande, Buenos Aires, Argentina. The fish were anaesthetized with benzocaine (1 g/l), and killed by decapitation. Brains were dissected and fixed in situ in 4% paraformaldehyde and 0.17% picric acid in phosphate buffer saline (PBS) 0.05 M, pH 7.4. After 2 h, the brain and pituitary were dissected from the skull and fixed for 24 h, washed in PBS, immersed in 15% sucrose in PBS for 24 h at 4°C, then stored at )20°C in a cryoprotective solution [sucrose 30%, polyvinyl pyrrolidone (PVP-40) 15%, etilenglicol 30% in PBS], and frozen at ) 20°C until being processed. Samples were placed in inclusion moulds, embedded in Tissue-tekÓ (OCT Compound, Miles, USA), sagittal and transversal serial sections of 20 lm were cut at ) 20°C in a cryostat (Ultracut 2400, Reichert, Austria), and mounted in poly-l-lysine coated slides.
All experiments were followed according to the principles of laboratory animal care (NIH publication N 86-23, revised 1985) .
Immunocytochemistry
The immunocytochemical stainings were performed using streptavidin-biotin-peroxidase complex methods. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in PBS containing 0.1% Triton X-100 (PBS-T) for 10 min. Sections were treated with normal horse serum for 30 min and incubated overnight at 4°C with anti-NPY (Peninsula Laboratories, Belmont, CA) diluted 1 : 2000 in PBS-T with 1% normal horse serum, and treated with a commercial kit (Vector, Burlingame, CA) according to the kit instructions. The peroxidase complex was visualized with 3,3-diaminobenzidine in Tris buffer (pH 7.6) and 0.02% H 2 O 2 . The sections were washed, dehydrated and coverslipped. Adjacent sections were stained with the Nissl reaction (Bancroft and Stevens, 1990) .
Double immunocytochemistry
For double immunocytochemistry, two methods were followed: (1) Pituitary sections were treated with the primary antiserum against growth hormone (anti-chum GH 1 : 1000) and gonadotropins (anti-Cr GtH 1 : 1000) overnight at 4°C., treated with the streptavidin-peroxidase commercial kit system (Vector, Burlingame, CA) and diaminobenzidine as above. After rinsing in PBS, these were treated with 0.1 N HCl for 20 min at room temperature, washed again in PBS and incubated with anti-NPY overnight at 4°C. The sections were then incubated with FITC-conjugated anti-rabbit (Sigma, St. Louis, MO) diluted 1 : 40 for 50 min, washed in PBS and coverslipped with glycerol/PBS. (2) In some cases, we applied the method of Vissio et al. (1999) who use two different chromogens, diaminobenzidine (brown) for the detection of pituitary cells and 3-amino-9-ethyl carbazole (AEC) (red) for NPY detection.
Controls
To determine the specificity of primary anti-sera, three different controls were carried out: (1) the primary anti-sera were replaced by PBS; (2) the primary anti-sera were replaced by non-immune rabbit serum in PBS; and (3) the anti-NPY anti-serum was previously pre-adsorbed with an excess of their specific antigen (synthetic NPY, Peninsula, Belmont, CA, USA) overnight at 4°C. No reaction was observed when the antibodies were substituted by PBS or normal rabbit serum.
No immunoreactivity was observed when the primary antibody was substituted with PBS or when it was pre-adsorbed with synthetic NPY.
The nomenclature of the different brain areas was adapted from Peter and Gill (1975) , Rodriguez Go´mez et al. (2000) and Stefano et al. (2000) (Table 1) .
Results
NPY immunohistochemistry revealed a wide distribution of ir-NPY cells and fibres in the brain of the pejerrey. The immunoreactivity was distributed with high density in the forebrain and midbrain. There was no immunostaining in the cerebellum and only few fibres were observed in the olfactory bulb.
The most prominent nucleus with NPY cells was observed in the ventrolateral area of the telencephalon (area ventralis telencephali pars lateralis, Vl) (Fig.1a) . It was formed by small fusiform cells with moderately immunostained perikarya and well-differentiated axonal processes, some of them showing a bipolar structure (Fig. 2a) . These cells were located following the ventrolateral telencephalic margin to the entopeduncular nucleus. The other telencephalic ir-NPY cells group was recognized at the dorsal medial area (area dorsalis telencephali pars medialis, Dm). This ir-NPY nucleus was composed of few small cells without cytoplasmatic processes (Fig. 1a) .
The diencephalon also showed a high density of ir-NPY fibres and cell bodies. Here, the immunoreactive soma were seen in the Nucleus entopeduncularis (Ne) (Fig. 1b) . The ir-NPY cells were small, round and fusiform in shape, and showed fibres projecting to the preoptic area (Fig. 2b) . A second population of ir-NPY cells was observed in the Nucleus preopticus periventricularis (NPP) (Fig. 1c) . This nucleus showed two groups of neurons at both sides of the diencephalic ventricle but no ir-fibres were in contact with the cerebrospinal fluid (CSF) at this level. Although most of the neurons were oval or round-shaped, some were fusiform (Fig. 2c) . A few immunoreactive perikarya were also seen in the Nucleus lateralis tuberis (NLT) (Fig. 1c) .
NPY-positive fibres were conspicuous in the preoptic region and the hypothalamus (Fig. 2d ). There were also numerous immunoreactive fibres at the epithalamic level running ventrally to the hypothalamus and to the pituitary stalk. In the Nucleus dorsomedialis thalami (NDM) and Nucleus ventromedialis thalami (NVM) a group of fibres profuse in NPY were observed terminating in the diencephalic ventricle in direct contact with the CSF (Figs 1c and 2e) .
The suprachismatic area displayed a number of labelled ÔvaricoseÕ fibres while at the hypothalamus and the pituitary stalk the ir-fibres generally formed a dense network (Fig. 2f) .
The mesencephalon of the pejerrey displayed ir-NPY cells in the medial tegmentum, and numerous ir-fibres in both tegmentum and tectum. The ir-neurons of the medial tegmentum were the most conspicuous ir-NPY cells of the pejerrey brain because of their cellular volume and intensive immunoreaction. These neurons were located in the Nucleus laminaris (NL) (Fig. 1d) dorsal to the mesencephalic-cerebellar tract. They were voluminous (approximately 20-25 lm diameter) with intensive immunostaining and strong cytoplasmatic processes directed ventrolaterally to the thalamus (Fig. 3a) . In the optic tectum (OT) numerous ir-NPY varicose fibres were distributed in a laminar disposition as well as others connecting them (Fig. 3b) , but no NPY-cells were detected. There were small numbers of ir-fibres in the torus longitudinalis (TL) and no fibres were observed in the Valvula cerebelli (VC).
In the rhombencephalon also, the number of ir-fibres was small. A group of neuronal soma ir-NPY was located in Locus coeruleus (LC) of the rhombencephalic dorsal rostral area. These neurons were bipolar with distinct cytoplasmatic processes and intensive immunoreactivity (Figs 1e and 3c) . Few ir-NPY fibres could be observed in the cerebellum, with exception of an intensely immunoreactive area at the isthmus level. In this area, numerous varicose fibres formed two strongly immnunostained compact facies, located medially to the LC, and dorsally to the Fasiculus longitudinalis medialis (FLM) under the fourth ventricle (Fig. 3d) . Some ir-NPY fibres were seen in the spinal cord, and their number diminished caudally.
Pituitary
Numerous ir-NPY fibres were observed passing through the pituitary stalk to reach the neurohypophysis and parts of the adenohypophysis. The ir-NPY fibres ran to the caudal pars distalis of the adenohypophysis. In the pejerrey, this area is characterized by the presence of GH-and GtH-expressing cells (Vissio et al., 1997) . Double immunostaining showed a close association between ir-NPY fibres and GH cells (Fig. 4a,b) . The same results were obvious when double immunostaining was assayed for NPY and GtH cells (Fig. 4c,d ).
Discussion
The present study, using a polyclonal anti-synthetic porcine NPY, demonstrated that the brain of the pejerrey, O. bonariensis, contains NPY-like substance in various areas, according to previous reports on other different teleost species.
In the pejerrey brain, NPY-immunoreative structures were dense in anterior and midbrain areas, in accordance with results from other fish species (Chiba and Honma, 1994; Chiba et al., 1996) . In the telencephalon, labelled cells and fibres were denser in the ventral area than in the dorsal one. However, in the carp, (Marchetti et al., 2000) , a more dense innervation had been demonstrated in the dorsal part of the telencephalon.
Such discrepancies could be due to inter-specific differences, the anti-sera used, different life history stages, and differences in the nutritional status. In our experiments, we found no differences between male and female fish, but sex differences in ir-NPY distribution with regard to particular stages of the sexual cycle have been described in other species (Chiba et al., 1996) . NPY neurons were localized in the lateral area of the ventral telencephalon (Vl) (Fig. 1a,b) . This cell group corresponds to that reported as entopeduncular nucleus by Danger et al. (1991) and Marchetti et al. (2000) . Some of the ir-NPY cells from Vl are probably projecting to the pituitary, because experiments applying carbocyanine dye to the pituitary have shown labelled cells in this area (Kah et al., 1993; Holmqvist and Ekstro¨m, 1995) .
The possibility that our anti-serum was cross-reacting with another NPY-related peptides, such as NPP or PY cannot be excluded. However, the clear results obtained with the preadsorbtion test, during which no staining was observed at the brain level, suggests high specificity of the anti-serum used.
Another telencephalic group of neurons was localized in the dorso-medial area of the brain. This ir-NPY nucleus was not found in the white sturgeon (Chiba and Honma, 1994) but in the goldfish NPY-mRNA was detected in this area (Peng et al., 1994) . In the salmon (Oncorhynchus keta) this nucleus and the preoptic area exhibited an increase of NPY-mRNA in response to fasting (Silverstein et al., 1998) .
As was observed in other fish species, in the pejerrey immunostaining for NPY cells and fibres was conspicuous in the diencephalon. Fibres in the Nucleus dorsomedial and ventromedial of the thalamus were found in close apposition to the diencephalic ventricle, in contact with the CSF. The function of these neurons is not clear, but it seems to be connected with sensorial and/or secretory functions (VighTeichmann and Vigh, 1983) . The neurons may also be involved in regulatory processes of the hypothalamus, control changes in the chemical composition of the CSF, or secrete NPY or a related molecule into the CSF. It is rather unique that in the Atlantic salmon (Salmo salar) and in the carp (Cyprinus carpio) a large group of ir-NPY cells is found in the ventromedial thalamic nucleus (Vecino and Ekstro¨m, 1992; Marchetti et al., 2000) , whereas in Salmo trutta (Castro et al., 1999) and in O. bonariensis (current results) a similar group was not observed at that location.
The preoptic and hypothalamic regions are most richly innervated by ir-NPY fibres (preoptic nucleus, lateral recess nucleus, posterior recess nucleus, paraventricular organ, and nucleus lateralis tuberis), projecting to the pituitary in the salmon (Holmqvist and Ekstro¨m, 1995) . Ir-NPY fibres were also observed in the pituitary of the trout (Danger et al., 1991; Castro et al., 1999) , the ayu, Plecoglossus altivelis (Chiba et al., 1996) , the white sturgeon, Acipencer transmontanus (Chiba and Honma, 1994) , and the dogfish, Scyliorhinus torazame (Chiba and Honma, 1992) . On the other hand, recently Marchetti et al. (2000) demonstrated sparse ir-NPY fibres in the pituitary of the carp, but only in the pars intermedia. The authors did not find ir-NPY fibres contacting melanotropic, gonadotropic and somatotropic cells in the pituitary. In the present study we found a rich hypophysial innervation of ir-NPY fibres mainly in the pars distalis of the adenohypophysis, in close association with GH-and GtHexpressing cells. These results suggest both, direct effects of NPY on cells of the adenohypophysis, and indirect effects through NPY-innervated hypothalamic nuclei. It is known that NPY induces a rapid stimulation of gonadotropin and growth hormone release from the pituitary (Breton et al., 1989; Peng et al., 1990; Danger et al., 1991) . Although our results do not demonstrate such a direct biological effect, similar results were obtained when the pituitary innervation by ir-GnRH was analysed showing the presence of a specific receptor in the innervated cells .
In summary, the localization of ir-NPY structures in both, the brain and pituitary of the pejerrey, supports the existence of conserved NPY systems in the teleost brain, which allows the detection of homologous structures in different other vertebrate groups. Furthermore, the widespread distribution of NPY in the brain and pituitary of the pejerrey suggests that NPY plays an important role in neuroendocrine regulation of brain and adenohypophyseal functions. Further studies should be directed to analyse the NPY expression in relation to different physiological statuses as well as sex, habitat and age of the animals. In this connection, the present atlas of the distribution of ir-NPY neurons and fibres in the brain and pituitary gland of the pejerrey O. bonariensis can be a useful tool.
